Cadmium-induced glycine-rich protein (cdiGRP) is a cell wallassociated factor that increases callose levels in plant vasculature. To better understand the cdiGRP͞callose regulation system, we identified a tobacco protein, GrIP (cdiGRP-interacting protein, GrIP), that associates with cdiGRP and localizes at the plant cell wall. Constitutive overexpression of GrIP enhanced the accumulation of the cdiGRP protein and callose in vasculature-associated cells with or without treatment with cadmium ions. That GrIP gene expression was not affected by cadmium ions indicated that GrIP does not directly modulate the callose levels induced by the treatment. Instead, GrIP most likely functions by further elevating the accumulated amount of cdiGRP, the expression of which is up-regulated by the cadmium ions. Interestingly, the levels of cdiGRP mRNA were not affected by constitutive expression of GrIP, demonstrating that the enhancement in cdiGRP protein accumulation by GrIP overexpression occurs posttranslationally. Collectively, these observations suggest that GrIP interacts with cdiGRP and increases its level of accumulation; in turn, the elevated amounts of cdiGRP induce callose deposits in the plant cell walls. Therefore, GrIP and cdiGRP represent sequentially acting factors in a biochemical pathway that regulates callose accumulation in the plant vasculature.
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cell wall ͉ plasmodesmata ͉ protein-protein interaction T he plasmodesma is a unique channel structure that spans the cell wall and connects neighboring cells to enable cytoplasmic exchange in plants. Accumulating evidence shows that many endogenous macromolecules are trafficked through this channel, enabling plant cells to communicate with each other (reviewed in refs. [1] [2] [3] [4] [5] . Although the importance of symplastic molecular exchange through the plasmodesmata is widely accepted, its regulatory mechanism is not well characterized. One of the important parameters describing the molecular permeability of plasmodesmata is the size exclusion limit, which sets the largest size of the molecules that can traffic through the plasmodesmata through passive transport. Plant cells in different tissues at different developmental stages are known to possess plasmodesmata with different size exclusion limit (6) .
Viruses are known to use the plasmodesmal channels to translocate cell-to-cell in plants by using their movement factors to interact with and modify the plasmodesmata (reviewed in refs. [7] [8] [9] [10] . Detailed studies on plant virus movement have revealed that size exclusion limit is not the sole determinant for molecular translocation through plasmodesmata; rather, the channel must possess an active regulatory machinery that may differ between the plasmodesmata at different tissue interfaces (reviewed in ref. 7) . For example, coat protein-deficient tobacco mosaic virus can accumulate in the vascular parenchyma but not in the companion cells in Nicotiana tabacum cv. Xanthi-nn, suggesting that the plasmodesmata at the vascular parenchyma͞companion cell boundary in the host do not permit movement of the mutant virus (11) . The interface between bundle sheath and phloem cells can also serve as a barrier for bromoviruses in some hosts (12) (13) (14) , suggesting that plasmodesmata at this boundary are more restrictive for bromovirus movement. Furthermore, the tobacco etch virus HAT strain can move cell-to-cell and load into the vascular tissue but cannot unload from it in systemic leaves in the restrictive host N. tabacum V20 (15) . Similarly, when wild-type tobamoviruses, such as tobacco mosaic virus or turnip vein clearing virus, are inoculated onto tobacco plants treated with subtoxic concentrations of cadmium ions, the inoculated tobamovirus cannot unload from the vasculature in systemic leaves, whereas it is able to spread from cell to cell and load into the vasculature (16) (17) (18) . These observations suggest that plasmodesmata at the interfaces between different types of vascular tissue or at the boundaries between vascular and nonvascular tissue possess characteristic features and are able to restrict traffic of some viruses unidirectionally.
Although it is clear that the plasmodesmata are equipped with molecular devices that can strictly control the traffic through these channels, the mechanism of this control remains unclear. One of the possible molecular machineries for plasmodesmal regulation may be the callose synthesis͞degradation system at the plasmodesmata. Callose is a 1,3-␤-D-glucan (19) , synthesized by callose synthase and degraded by 1,3-␤-D-glucanase (20, 21) , which has been shown to accumulate around the neck region of the plasmodesmata (22) . Because several studies have suggested that callose accumulation around the plasmodesmata restricts virus translocation through that channel (16, (22) (23) (24) (25) (26) (27) , callose could be a major restrictive factor for transport through the plasmodesmata.
Previously, we identified a tobacco cell-wall protein, cadmium-induced glycine-rich protein (cdiGRP), as one of the regulatory factors for callose accumulation in N. tabacum vascular-associated cells (16) . We demonstrated that cdiGRP is specifically induced by subtoxic levels of cadmium ions and is accumulated in the cell walls of plant vascular tissues (16) . Importantly, constitutive cdiGRP expression inhibited systemic transport of turnip vein clearing virus, whereas antisense suppression of cdiGRP production allowed turnip vein clearing virus movement in the presence of cadmium ions (16) . Because overexpression of cdiGRP induced callose accumulation in vascular tissue (16) , and the callose localized to the plasmodesmata in that tissue (unpublished data), cdiGRP most likely exerted its inhibitory effect on turnip vein clearing virus transport by enhancing callose deposits at the plasmodesmata in the vasculature (16) .
To better understand the cdiGRP͞callose regulation system, we set out to identify its additional molecular participants. Here, we identified a tobacco protein, cdiGRP-interacting protein (GrIP), that associates with cdiGRP, increases cdiGRP accumulation levels, and induces callose deposition in the plant vasculature. (29) . Plasmids were introduced into yeast cells by using a standard lithium acetate protocol (28) . The N. tabacum cv. Turk cDNA library in pGAD424 (LEU2ϩ, Clontech) was screened with cdiGRP in pSTT91 (TRP1ϩ; ref. 30) as bait as described in refs. 28 and 31, and positive clones were selected on a histidine-deficient selective medium and confirmed by ␤-galactosidase assay (32) . False positives were eliminated by using the pBTM116 vector (TRP1ϩ; ref. 28) , expressing either human lamin C or topoisomerase I, known to function as nonspecific activators in the two-hybrid system (28, 33, 34) .
Materials and Methods
Transgenic Plants. The GrIP cDNA was first inserted in sense orientation as a PCR-amplified PstI fragment into a plant expression vector, pCd, containing the 35 S promoter of cauliflower mosaic virus, tobacco mosaic virus translational enhancer, and the nopaline synthase polyA signal (35) . The entire expression cassette was subcloned as a BamHI-XbaI fragment into the binary vector pBIN19 (GenBank accession no. U09365.1), carrying a kanamycin resistance selection marker, and introduced into the disarmed Agrobacterium strain C1C58, which was then used to transform tobacco plants as described in ref. 36 . The resulting transgenic plants were selected on a kanamycin-containing medium and maintained for 1 month under sterile conditions on a MS basal medium with no exogenous growth regulators (37) . Plants were then transferred to soil in a greenhouse, allowed to set seed, and the transgenic progeny were selected by germinating the seeds on MS agar in the presence of kanamycin. Kanamycin-resistant seedlings were maintained in tissue culture for 2 weeks, transferred to soil, and grown to the four-to six-leaf stage for use in the experiments. For CdCl 2 treatment, plants were grown and maintained under conditions described in refs. 16-18. Coimmunoprecipitation and Western Blotting. Antibody was raised in mouse against a chemically synthesized peptide sequence derived from the GrIP amino acid sequence (residues 52-71, Covance Research Products, Denver, PA). The anti-cdiGRP rabbit antiserum was described in ref. 16 . Surgically isolated young tobacco leaf mid-ribs (500 mg) were ground in 2.5 ml of extraction buffer [1% (vol/vol) Igeopal CM-630͞5 mM DTT͞1 mM PMSF in 10 mM sodium phosphate buffer, pH 7.2]. Although some glycine-rich proteins may be difficult to solubilize under mild conditions (38), we detected cdiGRP in tissue extract prepared with this relatively mild extraction buffer. The mixture was clarified by centrifugation at 10,000 ϫ g for 2 min, and the extract was aliquoted into microfuge tubes. These 500-l aliquots were incubated with 2.5 l of anti-cdiGRP rabbit antiserum or preimmune mouse serum at 4°C. After 2 h of incubation, Protein G-conjugated agarose beads (25 l, SigmaAldrich) were added to the mixture, which was then gently rocked at 4°C overnight. After three extensive washes in the extraction buffer, the captured immunocomplexes were released by mixing in 50 l of SDS͞PAGE loading buffer (39) and boiling for 5 min. The supernatant was collected after a brief centrifugation and subjected to Western blotting. Briefly, the samples were electrophoresed on a 12% SDS polyacrylamide gel under reducing conditions and resolved proteins were electrophoretically transferred to poly(vinylidene difluoride) membrane. The blot was incubated for 1 h in blocking solution [4% skim milk in Tris-buffered saline Tween 20 (TBST) (10 mM Tris⅐HCl͞150 mM NaCl, pH 8.0 containing 0.05% (vol/vol) Tween 20)] and probed with anti-cdiGRP rabbit antiserum, anti-GrIP peptide mouse antiserum, and rabbit or mouse preimmune serum (diluted 1:250 in 1% (vol͞vol) skim milk in TBST) for 1 h. After extensive washing with TBST, the membrane was incubated with a 1:4,000 diluted solution of horseradish peroxidase-conjugated goat anti-mouse IgG or goat anti-rabbit antibody (Jackson ImmunoResearch). After additional washing, proteins recognized by the antibodies were visualized by chemiluminescence with the ECL system (Amersham Pharmacia).
Immunohistochemistry and in Situ Hybridization. For immunoelectron microscopy, mid-rib tissues harvested from young wild-type tobacco leaves (Ϸ4 cm in length) were processed for use with the Durcupan ACM embedding protocol (40) . Ultra-thin sections (70-80 nm) were reacted with anti-GrIP antiserum, followed by anti-mouse IgG conjugated to 10-nm colloidal gold as described in refs.16 and 40, and examined under a JEOL 100C transmission electron microscope.
For fluorescent microscopy, plant tissues were harvested, fixed, and embedded in Paraplast Plus as described in refs. 16 and 41. The samples were sectioned and processed for immunofluorescence or in situ hybridization. For immunofluorescent microscopy, 10-m transverse sections were dewaxed, rehydrated, blocked, and reacted with a mixture of anti-cdiGRP rabbit polyclonal antiserum and anti-callose-specific mouse monoclonal antibody (Biosupplies, Parkville, Australia) as described in refs. 16 and 41. For controls, the sections were reacted with rabbit preimmune antiserum. The sections were further probed with goat Cy5-conjugated anti-rabbit IgG secondary antibody and Alexa Fluor 488-conjugated anti-mouse IgGϩM secondary antibody (Jackson ImmunoResearch). This analysis of doublestained sections allowed simultaneous detection of qualitative changes in the levels of cdiGRP and callose in situ, within plant tissues, but it was not suitable for precise quantification of the immunocomplexes.
For in situ hybridization, 20-m transverse sections were dewaxed, treated with proteinase K, dehydrated again, and hybridized with digoxigenin (DIG)-labeled probes according to the manufacturer's protocols. For the negative control, the probe was omitted from the hybridization solution. The samples were then reacted with Cy5-conjugated anti-DIG antibody (Jackson ImmunoResearch). All f luorescence microscopy was performed by using a Zeiss LSM 5 Pascal confocal laser scanning microscope.
Results and Discussion
Identification of GrIP. To isolate potential interactors of cdiGRP, we used a two-hybrid screen (28, 42) with a N. tabacum cv. Turk cDNA library and the cdiGRP protein as bait. Screening of Ϸ1 ϫ 10 6 transformants resulted in the identification and isolation of four independent cDNA clones producing cdiGRP interactors. One of the clones was designated GrIP and characterized in detail. Coexpression of GrIP and cdiGRP activated the HIS3 reporter gene and enabled yeast transformants to grow on a histidine dropout medium, whereas yeast cells cotransformed with cdiGRP and DNA topoisomerase I or lamin C as negative controls standard for the two-hybrid interactions (33, 34) , were unable to survive in the absence histidine (Fig. 1A Left) . Cells expressing all three combinations of the proteins grew to the same extent in the presence of histidine ( Fig. 1 A Right) , indicating that the tested proteins did not adversely and nonspecifically affect yeast cell physiology. Collectively, the results demonstrated the specificity of the interaction between GrIP and cdiGRP in the two-hybrid system. GrIP also interacted with cdiGRP, lacking its N-terminal secretion signal sequence (data not shown), suggesting that GrIP is able to recognize the processed and secreted form of cdiGRP.
Next, we carried out coimmunoprecipitation of cdiGRP followed by Western blot analysis of the immunocomplexes by using anti-GrIP antiserum. Fig. 1B shows that a protein with a relative electrophoretic mobility of Ϸ16 kDa, consistent with the calculated molecular mass of GrIP (16.1 kDa, see Fig. 1C ), was recognized by anti-GrIP antiserum in the immunocomplexes precipitated with anti-cdiGRP antiserum, whereas this protein was not detected after coimmunoprecipitation by using control, preimmune serum. These results support the notion of a direct interaction between GrIP and cdiGRP in vivo.
Sequence analysis of the GrIP cDNA revealed a single ORF encoding a protein of 139 amino acid residues (Fig. 1C) . Interestingly, GrIP has a high content of acidic residues (20% glutamic acid and 10% aspartic acid). Based on the available databases [e.g., TAIR (www.arabidopsis.org), MOTIF (http:͞͞ motif.genome.jp), and InterPro (www.ebi.ac.uk͞interpro)], the GrIP amino acid sequence did not contain any known functional domains or targeting motifs. The GrIP cDNA displayed modest homology to a partial mRNA sequence from Atropa belladonna (GenBank accession no. AJ309388), the function of which is unknown. No significant homologies to the GrIP amino acid sequence were found in any other organisms. Subcellular Localization. To obtain initial insight into the biological function of GrIP, we determined its subcellular localization in planta. Vascular tissue from a wild-type plant was analyzed by immunoelectron microscopy with anti-GrIP antiserum. GrIPspecific antibodies decorated the cell wall, but not other cellular compartments and organelles (Fig. 2 and data not shown) . No cell wall staining was observed in control experiments without primary antiserum (data not shown). This cell wall-specific localization of GrIP is similar to the cell wall association described for cdiGRP (16) .
GrIP Overexpression Enhances Accumulation of cdiGRP and Callose.
Ideally, the phenotype of plant mutants that do not express GrIP would help determine the function of this protein. However, antisense and RNA interference approaches did not yield plant lines with detectably suppressed GrIP expression (data not shown), suggesting that GrIP may be essential for the plant's survival. We therefore took the reverse approach, generating transgenic tobacco lines that overexpress GrIP. Seven independent lines were generated, and two of them (GrIP-S1 and GrIP-S2), which exhibited the highest degree of GrIP expression and, thus, most likely contained multiple copies of the GrIP transgene (data not shown), were analyzed for the levels of cdiGRP and callose in the presence or absence of subtoxic concentrations of cadmium ions.
Previously, we found the optimal concentration of cadmium ions for maximum induction of cdiGRP and callose to be between 10 and 20 M (unpublished data). Here, we used the suboptimal concentration of 5 M to better observe the potential changes and differences in cdiGRP and callose accumulation levels. To detect cdiGRP and callose in the same tissue sections, they were immunostained with both anti-cdiGRP and anticallose antibodies simultaneously. Essentially identical results were obtained with plant lines GrIP-S1 and GrIP-S2, and they are shown for the GrIP-S1 line. Fig. 3 demonstrates that cdiGRP levels were significantly higher in GrIP-S1 plants (Fig. 3 C and  D) than in the wild-type plants (Fig. 3 A and B) , with or without treatment ( Fig. 3 B and D and Fig. 3 A and C, respectively) with 5 M CdCl 2 . Moreover, induction of cdiGRP by cadmium ions was more dramatic in GrIP-overexpressing plants than in the wild-type plants; the level of cdiGRP accumulation in GrIP-S1 plants was significantly enhanced by 5 M CdCl 2 (compare Fig.  3 C to D) , whereas it was only weakly induced by the same treatment in wild-type plants (compare Fig. 3 A to B) .
Accumulated callose levels correlated closely with the level of cdiGRP in both GrIP-overexpressing and wild-type plants. As seen in Fig. 3 , higher callose accumulations were observed in GrIP-S1 plants (Fig. 3 G and H) compared to wild-type plants (Fig. 3 E and F) both with and without exposure to CdCl 2 ( Fig.  3 H and F and G and E, respectively) . The effect of CdCl 2 on callose accumulation was also enhanced in GrIP-overexpressing plants (compare differences between Fig. 3 F and E to those between Fig. 3 H and G) 
Both cdiGRP and callose accumulated in the vascular tissues, predominantly in phloem-associated cells, in both wild-type and GrIP-overexpressing plants. Furthermore, merged images in Fig. 3 I-L show that cdiGRP and callose accumulations (red and green signals, respectively) are enhanced at the overlapping cellular sites (yellow signal) within vascular bundles that are clearly distinguished in phase contrast images of the same sections (Fig. 3 M-P) . Because overexpression of GrIP promotes accumulation of both cdiGRP and callose (see Fig. 3 ), whereas overexpression of cdiGRP induces accumulation of callose (16) but not GrIP (data not shown), GrIP may regulate callose levels indirectly by altering the amount of cdiGRP in the plant vasculature.
Although GrIP overexpression caused a significant increase in the levels of cdiGRP and callose in the absence of cadmium ions or in the presence of suboptimal cadmium concentrations (i.e., 5 M, see Fig. 3 ), this increase was insufficient to block movement of tobamoviruses, such as tobacco mosaic virus (data not shown).
GrIP Modulates cdiGRP Accumulation Levels Posttranslationally.
In situ hybridization experiments revealed GrIP mRNA predominantly in the vascular-associated cells of wild-type plants, without (Fig. 4 A and E) or with (Fig. 4 B and F 
This tissue-specific expression of GrIP parallels that of cdiGRP, which is also expressed in the vasculature (see Fig. 3 and ref. 16 ). Moreover, GrIP mRNA expression level was unaffected by cadmium ions, showing that, unlike cdiGRP, the GrIP gene expression is independent of the presence of this heavy metal. As expected, when overexpressed from a general promoter in GrIP-S1 transgenic plants, GrIP mRNA was observed in both vascular and nonvascular tissues (Fig. 4 C and G and Fig. 4 D and H, respectively) .
Similarly to the wild-type plants (see Fig. 4 A, B , E, and F), the GrIP expression level in GrIP-S1 plants was not enhanced by CdCl 2 treatment (Fig. 4 C, D, G, and H) , indicating that the elevated levels of cdiGRP and callose in GrIP-overexpressing plants treated with cadmium ions (see Fig. 3 ) are not due to induction of the expression of the GrIP transgene after the treatment. Moreover, in GrIP-S1 plants, both cdiGRP and callose accumulated only in the vasculature, whereas GrIP mRNA was also expressed in nonvascular tissues (Fig. 3) . This discrepancy between levels of GrIP mRNA and cdiGRP protein is presumably because the cdiGRP gene expression is limited to the vasculature (see Figs. 3 and 5) , and, thus, the cdiGRP protein is not present in significant amounts in other tissues even when they accumulate GrIP in GrIP-overexpressing lines. This result suggests that overexpression of GrIP itself is not sufficient to induce callose accumulation, which also requires the presence of cdiGRP. Thus, cdiGRP most likely regulates callose deposition by affecting the callose synthesis͞degradation machinery, whereas GrIP modulates this process by altering the cdiGRP levels.
The elevated levels of cdiGRP obser ved in GrIPoverexpressing plants may be due to posttranslational events, i.e., GrIP may interact with cdiGRP, promoting its stabilization and further accumulation. Alternatively, GrIP may simply enhance the cdiGRP gene expression. To distinguish between these possibilities, we compared the level and expression pattern of cdiGRP mRNA in wild-type and GrIP-overexpressing plants. Cadmium ion treatment induced the accumulation of cdiGRP mRNA to a similar extent in both the wild-type (Fig.  5 A, B, E, and F) and GrIP-S1 plants (Fig. 5 C, D, G, and H) . Importantly, GrIP expression did not affect the level of cdiGRP mRNA, because the accumulation levels of the latter in wild-type plants were the same as in GrIP-overexpressing plants when treated with the same concentrations of cadmium ions (compare B to D in Fig. 5 ). These results demonstrate that the elevated levels of the cdiGRP protein in GrIPoverexpressing plants are not due to transcriptional activation of the cdiGRP gene but occur posttranslationally.
How does GrIP promote accumulation of the cdiGRP protein in vascular tissues? We suggest that direct interaction of GrIP with cdiGRP stabilizes cdiGRP and allows it to accumulate to higher levels within the plant cell walls. Protein-protein interactions that result in stabilization and higher accumulation levels of one of the interacting proteins are known in mammalian systems; for example, p57Kip2 binds to MyoD to stabilize it, thereby increasing the half-life of the protein (43), whereas ZBP-89 binds to p53, retaining it in the cell nucleus and protecting it from degradation (44). Because GrIP is not an abundant cellular protein and its levels are not affected by cadmium treatment and͞or presence of cdiGRP (data not shown), it may act as a limiting factor for accumulation of cdiGRP and, consequently, deposition of callose, which are significantly increased after overexpression of GrIP. Thus, GrIP may represent one of the key components of the cdiGRPmediated callose regulation system in tobacco vasculature. 
